The enzymes responsible for sorbitol formation in Zymomonas mobiis were investigated. A previously undescribed enzyme catalyzes the intermolecular oxidation-reduction of glucose and fructose to form gluconolactone and sorbitol. This enzyme has been purified; it had a subunit size of 40,000 daltons and is probably tetrameric at low pH. It contained tightly bound NADP as the hydrogen carrier and did not require any added cofactor for activity. In addition, a gluconolactonase has been isolated, although not completely purified. Together these two enzymes were capable of completely converting a 54% (wt/vol) equimolar mixture of glucose and fructose to sorbitol and sodium gluconate at the optimum pH of close to 6.2. The oxidoreductase had low affinities for its substrates, but natural environmental conditions would expose it to high concentrations of sugars. The amount of the enzyme in Z. mobilis cells was sufficient to account for the rate of sorbitol formation in vivo. However, the enzyme was present in the highest amounts when the cells were grown on glucose alone, and it was repressed by the presence of fructose; this was not the case with the gluconolactonase.
The enzymes responsible for sorbitol formation in Zymomonas mobiis were investigated. A previously undescribed enzyme catalyzes the intermolecular oxidation-reduction of glucose and fructose to form gluconolactone and sorbitol. This enzyme has been purified; it had a subunit size of 40,000 daltons and is probably tetrameric at low pH. It contained tightly bound NADP as the hydrogen carrier and did not require any added cofactor for activity. In addition, a gluconolactonase has been isolated, although not completely purified. Together these two enzymes were capable of completely converting a 54% (wt/vol) equimolar mixture of glucose and fructose to sorbitol and sodium gluconate at the optimum pH of close to 6.2. The oxidoreductase had low affinities for its substrates, but natural environmental conditions would expose it to high concentrations of sugars. The amount of the enzyme in Z. mobilis cells was sufficient to account for the rate of sorbitol formation in vivo. However, the enzyme was present in the highest amounts when the cells were grown on glucose alone, and it was repressed by the presence of fructose; this was not the case with the gluconolactonase.
In 1984 it was noted that among the fermentation products of the ethanol producer Zymomonas mobilis, sorbitol accumulated to quite high levels when sucrose or a mixture of glucose and fructose was used as the carbon source (5) . The carbon skeleton of sorbitol was shown to derive exclusively from fructose. Several possible enzymatic routes for sorbitol production have been suggested (23, 24) ; however, the levels of the proposed enzymes in extracts of Z. mobilis were far too low to account for the rate of sorbitol production in vivo. We proposed (16) that two dehydrogenases acting through an unknown bound cofactor were responsible for the dehydrogenation of glucose to gluconolactone, followed by the reduction of fructose to sorbitol. Although the activity of a glucose dehydrogenase measured with an artificial acceptor such as ferricyanide or dichlorophenolindophenol was equivalent to the required activity, there remained doubts about its role in sorbitol production because of the differing sugar specificities of the two processes. Nevertheless, an extract of cells, even after removal of endogenous salts and cofactors, was capable of reaction with glucose and fructose (and no other combination of sugars) to produce both sorbitol and gluconic acid without any added cofactor.
In this paper we show that sorbitol and gluconolactone production from fructose and glucose in Z. mobilis is catalyzed by a single enzyme containing tightly bound NADP. In addition, there is a gluconolactonase (EC 3.1.1.17) which accelerates hydrolysis of the unstable lactone. The new enzyme has provisionally been named D-glucose-l:D-fructose-2-oxidoreductase. It has been purified, and information on its structural and kinetic properties was obtained. In the same purification procedure, gluconolactonase has also been isolated, although not fully purified.
The glucose-fructose oxidoreductase together with gluconolactonase are capable of totally (>99%) converting equimolar fructose and glucose solutions of over 50% (wt/vol) sugar to sorbitol and sodium gluconate when titrated with sodium carbonate to maintain the pH close to the optimum value of 6.2.
MATERIALS AND METHODS
Reagents. Biochemical reagents were obtained from Sigma Chemical Co., St. Louis, Mo. as were N-morpholinoethanesulfonic acid (MES) and Tris buffers. Dyes used for coupling to Sepharose CL-4B (Pharmacia, Uppsala, Sweden) were obtained from I.C.I. Australia, Ciba-Geigy Australia, and Hoechst Australia Ltd. D-Xylulose was prepared as described by Chiang et al. (9) . Other reagents were AR grade.
Microorganism growth, harvesting, and extraction. Z. mobilis ZM6 (ATCC 29191) was obtained from P. L, Rogers, University of New South Wales, Australia. It was grown in a Biostat V fermenter at 30°C, pH 6.0, in 15 to 20% (wt/vol) glucose medium with salts, vitamins, and yeast extract as described previously (21) . After being harvested by centrifugation at 4,000 x g for 20 min, washed at pH 7.5, and recentrifuged, the cell paste was stored at -25°C until required. Biomass yield was calculated as wet cell yield divided by 4.0. Lysates were made as described previously, with 20 mM K-MES as buffer and Tris extraction at an initial pH of 8.0. After overnight lysis, the pH was lowered to 6.0 with solid MES, and the suspension was centrifuged at 20,000 x g for 20 min to provide the starting extract.
Total extraction of enzymes was accomplished on a small scale with the aid of glass beads. In a small test tube, approximately 2 g of glass beads 50 to 150 ,um in diameter was added to 1.5 ml of a slurry containing cells and extraction medium, which was K-MES buffer, pH 6.0. Cell disintegration was accomplished with the aid of a Vortex mixer in 2 to 3 min. A sample of the extract was removed from the surface of the beads and centrifuged to provide a clear solution for enzyme assays.
Enzyme assays. Glucose-fructose oxidoreductase activity was measured as acid production in the presence of excess gluconolactonase. The routine spectrophotometric assay mixture contained 0.4 M glucose, 0.8 M fructose, 10 Gluconolactonase activity was measured by the same methods except that the sugars were replaced by 4 mM freshly dissolved glucono-b-lactone (15) . The rate of spontaneous hydrolysis of the lactone was subtracted from the total rate.
Glucokinase, fructokinase, and gluconate kinase were measured by methods previously described (21, 26 (19) .
Sugar conversion. To measure the ability of this enzyme system to produce sorbitol and gluconate, solutions (2 ml total volume) containing equimolar concentrations of glucose and fructose were maintained at pH 6.2 on the pH-Stat, titrating with 2 M Na2CO3. Acid production was recorded over time, and samples were taken at intervals to measure sugar levels by enzymatic techniques (8) .
RESULTS
Measurement of glucose-fructose oxidoreductase, gluconolactonase, and related enzyme levels in extracts of cells grown in a variety of conditions. Although the enzymes were present in cells grown on glucose alone, not requiring induction by both fructose and glucose, there was a variation in activity with growth conditions which was investigated further. Cells were preconditioned by growth on the relevant substrate for several batches before final growth in the fermenter. Different levels of glucose and fructose were used, and on completion of fermentation the cells were harvested and extracted with the aid of glass beads as described in Materials and Methods. The activities of various enzymes associated with glucose and fructose utilization were measured ( Table 1) . The most notable feature as far as the glucose-fructose oxidoreductase is concerned was the depression of its activity by fructose; the most active extracts were from cells grown on glucose alone. In 20% glucose medium, the activity of glucose-fructose oxidoreductase was up to three times the activity in glucose-fructose composite medium. On the other hand, the activity of gluconolactonase was almost invariant. The amount of gluconate kinase, the next enzyme involved in the utilization of gluconate formed by the oxidoreductase-lactonase system, was higher in the presence of both glucose and fructose than with either substrate alone. Fructokinase, as has been noted before (21) , was increased by the presence of its substrate; glucokinase increased in response to higher glucose concentration and was depressed by the absence of glucose. It is clear that the best growth conditions for purifying these enzymes (other than fructokinase and gluconate kinase) is to use glucose alone at a concentration of up to 20% (wt/vol) as the carbon source.
Purification of glucose-fructose oxidoreductase. As a result of screening a number of dye-ligand adsorbents, it was found that the oxidoreductase bound only to those dyes which bind a substantial proportion of the applied protein. A detailed investigation of about 15 dyes we had previously classified in this category (20, 20a) led to the selection of Procion Green H-4G, which binds about 75% of the protein in the conditions described, as a suitable "negative" adsorbent, as it did not bind the oxidoreductase. Remazol brilliant blue R, which binds a further 10% of the protein, including all of the oxidoreductase and gluconolactonase, was selected as the "positive" adsorbent. The extract was passed successively through two columns containing these adsorbents, and after a thorough wash of the blue column each enzyme could be separately eluted by an increase in pH, ionic strength, or both.
A 400-ml amount of extract at pH 6.0 was applied to the columns coupled in series; the first was 16 cm2 by 10 cm with Fig. 1 .
The oxidoreductase eluted by 0.5 M NaC trated by ultrafiltration to about 25 ml and dial against 4 liters of potassium acetate buffer, strength 0.02. -A small precipitate formed, moved by centrifugation. The sample was carboxymethyl Trisacryl (LKB Instruments, cm2 by 10 cm) equilibrated in the acetate buffe gradient was applied by using 200 ml of 0.1 into 200 ml of buffer, and the enzyme was sep bulk of the remaining impurities (Fig. 2) . TI had the highest specific activity, varying fr U/mg. On application to the gel filtration activity was lost, and only a trace of contan 30,000 Mr was separated. Gel filtration at eitl 5 resulted in loss of activity and indicated dif aggregation (see below). The overall purifica 200-fold, depending on the amount of activil extract. The isolation procedure is §ummari2 I.. M concentrations of sugars, only glucose and fructose were capable of detectably acting as substrates for the oxidoreductase. But at sugar concentrations of 1 M, a number of alternative sugars showed slight activity. Thus, D-mannose, 2-deoxy-D-glucose, D-galactose, and D-xylose had 6 to 12% of the glucose activity, and trace amounts of activity were observed with L-arabinose and DL-glyceraldehyde ( Table 3) . As electron acceptors, D-xylulose and dihydroxyacetone showed slight activity, but much less than fructose did. The enzyme probably has even lower affinities for all of these alternative sugars than for glucose and fructose. Other sugars tested were not able to replace either glucose or fructose (Table 3 ). It is notable that the acid production being measured in the assay is due to hydrolysis of formed lactone and was much slower in the absence of gluconolactonase in most examples. This indicates either a similar or a lower degree of specificity of the lactonase for sugar lactone than of the oxidoreductase for sugars. It is also possible that some of the lowest rates may have been due to a total lack of activity of the lactonase towards the particular lactone, even though a 50-to 100-fold excess of lactonase was present. In the natural environment of Z. mobilis, only glucose and fructose would be present at a high enough concentration to be acted on. Sorbitol production in culture is mainly confined to growth on glucose-fructose mixtures (or sucrose), but small amounts have been detected when cells are grown on glucose or fructose alone (24) . The purified enzyme did not act on either single substrate; an additional enzyme system, probably trace levels of glucose isomerase, must exist to provide the other sugar, presuming that the glucose-fructose oxidoreductase is responsible for the sorbitol production in these cases.
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Although the specificity for fructose and glucose was high, the affinity for the substrates was low, especially in the case of fructose. As would be expected for an enzyme that can be structurally changed by addition of one substrate, ping-pong kinetics were observed, with parallel lines on a doublereciprocal plot (pH-Stat assay) (Fig. 4) . At high concentrations of glucose, there was some inhibition, no doubt due to competition with fructose binding. At this stage it cannot be ascertained whether there are two independent sites for glucose and fructose, with the NADP shuttling hydrogens between them, or a single sugar-binding site which preferentially accommodates the appropriate sugar depending on the oxidation state of the NADP.
The conventional equation for ping-pong kinetics is Vmax/v = 1 + K/f + K/g, where v is velocity, f is the fructose concentration, and g is the glucose concentration. The best-fitting values for Kf and Kg are 1.4 M and 30 mM, respectively, although the value of Kf must be regarded as very approximate. For this kinetic mechanism, the values Kf and Kg do not represent dissociation constants. Sorbitol at 0.8 M inhibited the activity by only 27% in the standard assay. Ethanol inhibition was not marked, being 16% at 2 M and only 48% at 4.7 M. It may be noted (see below) that the lactonase in the assay mixture was unaffected by these ethanol concentrations.
The enzyme was active between pH 4.5 and 7.5, with the optimum being pH 6.2, which is close to the likely intracellular pH of 6.4 to 6.8 (6) (Fig. 5) .
The apparent energy of activation, as measured in the standard assay, was 47 kJ/mol, giving a Qio value of 1.9.
Extent and rate of sorbitol formation in a cell-free system. The theoretical equilibrium of the overall reaction (including hydrolysis of the lactone) lies far in the direction of the products; it should be possible to convert equimolar concentrations of glucose and fructose by more than 99% to sorbitol and gluconate, provided that the acid formed is neutralized. With small volumes on the pH-Stat, with a strong alkali, 2 M Na2CO3, as the neutralizing agent, which would not increase the volume too much, purified glucose-fructose oxidoreductase and gluconolactonase were added to sugar mixtures at various concentrations and temperatures. Above 42°C, inactivation of the oxidoreductase occurred within an hour. Twenty-five units of oxidoreductase and 40 U of gluconolactonase were used in the 2-ml initial volume, and the experiments were carried out at 39 to 40°C. In Fig. 6 , the initial concentrations of each sugar varied from 0.3 to 1.5 M, and the rate of acid production was noted. The maximum rate was at the 0.5 M concentration for each; higher concentrations caused lower rates, perhaps because of increased viscosity of the solutions; 1.5 M of each sugar equals 54% (wt/vol). Figure 7 illustrates an experiment in which the initial concentration of sugars was 1.2 M each. The reaction was followed to completion, when 2.4 mmol alkali was added, exactly the theorized amount. Samples taken at intervals were analyzed for glucose, gluconate, and sorbitol; as can be seen in Fig. 7 , these followed the titration curve, except that some sorbitol and gluconate measurements were a litte low for technical reasons. After 6 h, the concentration of glucose was 0.01 M, less than 1% of the initial value.
Properties of Z. mobilis gluconolactonase. The gluconolactonase preparation eluted from the Remazol brilliant blue R column was 100-fold purified but contained traces of glucose-fructose oxidoreductase, making it unsuitable for use in the oxidoreductase assay. This oxidoreductase was separated by gel filtration (Fig. 8) filtration column did not coincide exactly with the protein peak; samples taken across the peak when run on polyacrylamide gel-sodium dodecyl sulfate electrophoresis showed two main bands at 44,000 and 30,000 Da. The activity peak corresponded to a molecular size of 90,000 ± 5,000 Da. At present it is unclear whether the enzyme is a trimer of 30,000-Da subunits or a dimer of 44,000-Da subunits. A summary of the purification of gluconolactonase is included in Table 2 .
The Km for gluconolactone was measured by both the p-nitrophenol assay and the pH-Stat; the values obtained were in the range from 0.4 to 0.6 mM. This is substantially lower than the value of 9 mM reported for liver gluconolactonase (4). The pH optimum was close to 7.0, but spontaneous hydrolysis of the substrate at higher pHs makes the estimation of enzyme activity above pH 7 difficult.
Treatment of the enzyme with metal-complexing agents resulted in complete loss of activity. Most activity was restored by addition of excess Ca2+, Mn2+, or Zn2+; Cu2+ restored up to 70% of the activity, but this declined subsequently; Co2+ restored 30% of the initial activity. Mg2+ was ineffective in restoring any activity. Ethanol had very little effect on the gluconolactonase; even at 10 M (60%, wt/vol) only 20% inhibition occurred, and none at all occurred at 6.8 M.
DISCUSSION
The formation of sorbitol by microorganisms is a topic that has not received much attention; it has generally been assumed that reduction of fructose or glucose by a nicotinamide nucleotide-linked polyol dehydrogenase would be responsible (10) . Sorbitol 6-phosphate can also be produced as a result of reduction of fructose 6-phosphate (17) .
Z. mobilis, in the presence of both glucose and fructose, makes substantial amounts of sorbitol (5, 13, 23) ( Table 1) . The only other unusual products are acetoin dihydroxyacetone (L. Viikari, personal communication), which, being more oxidized than ethanol, accounts for the redox balance in anaerobic conditions when sorbitol is being produced. Since the sorbitol comes from fructose only in the presence of glucose, it seemed likely that glucose was the donor of electrons, being oxidized to gluconolactone in the process. The presence of a glucose dehydrogenase (16) and a gluconate kinase (26) lent support for this hypothesis and indicated a direct route by which the oxidized glucose could reenter the Entner-Doudoroff pathway. We have now shown that sorbitol formation is independent of the action of the glucose dehydrogenase; partially purified preparations of glucose dehydrogenase do not reduce fructose (M. Zachariou, unpublished observations). Sorbitol is produced when the glucose is oxidized by NADP tightly bound to another enzyme, and this same enzyme then reduces fructose. We have named this enzyme glucose-fructose oxidoreductase; its action is comparable to that of the only other similar enzyme described, lactate-malate oxidoreductase (EC 1.1.99.7), which contains tightly bound NAD (1).
The enzyme does not bind either sugar substrate with a high affinity, although the Km for glucose is some 50 times lower than that for fructose. When considering the possible molecular action of the enzyme, it is clear that whereas glucose binds and is acted on in the pyranose-ring form, fructose must be reduced as the open-chain molecule. Since the open-chain form of fructose is present as only 0.01% of the total fructose (2), the affinity for this form may be as low as 0.14 mM. On the other hand, the enzyme may bind a ring form and catalyze its opening. The overall catalysis rate is high; a specific activity of 300 U/mg is fairly normal for a single dehydrogenase, but in this case two reactions are occurring, and in the standard assay the substrates are far from saturating; Vmax is about 800 U/mg.
The enzyme constitutes up to 0.5% of the readily soluble protein in Z. mobilis. The purification procedure was reduced to two steps only; a third gel filtration step usually resulted in loss of activity. The main purification took place by differential dye-ligand chromatography, which gave a 60-fold increase in specific activity with little overall loss. This procedure also allowed a highly purified sample of gluconolactonase, which also bound to the same column, to be obtained. This enzyme was essential for the assay of the oxidoreductase.
The oxidoreductase contained only one major band of protein on electrophoresis, at a molecular size of 40,000 Da. This is a typical size for dehydrogenases; it is formally possible that there are two types of subunit, one for each substrate, both of the same size. But it seems more likely that each subunit is identical, containing one tightly bound NADP molecule.
The gluconolactonase preparation was 400-fold purified, but still contained at least two major protein bands on electrophoresis. Its native molecular size of 90,000 Da is lower than that of the liver enzyme, which is described as a hexamer (18) . It is possible that the Z. mobilis gluconolactonase is a trimer, although the subunit size would be different from that of the liver enzyme.
Glucose-fructose oxidoreductase requires relatively high concentrations of substrates, especially fructose. Unless the enzyme is located peripherally, and our evidence is to the contrary, it must be assumed that, given the rate of sorbitol formation in vivo, about 2 g/g of biomass per h (5) (ca. 0.4 ,umol/mg of protein per min), substantial concentrations of glucose and fructose must exist intracellularly in Z. mobilis. This is in agreement with the concept that the uptake of sugars is faster than the rate of their utilization (7, 11) . The activity of the enzyme in extracts of Z. mobilis is always high regardless of the sugar substrate used for growth, indicating that it is a constitutive enzyme. But rather bizarrely, the activity is halved when the organism is grown in the presence of fructose, in conditions when it would be operating, compared to growth on glucose alone (Table 2 ). This observation raises the questions of whether sorbitol production is truly a desirable function of the enzyme and whether it may have some other catalytic role not yet discovered. But the natural environment of Z. mobilis contains fructose as well as glucose, so sorbitol formation must be a natural occurrence. As the organism cannot grow on sorbitol (thermodynamically there is no possibility of reversal of the oxidoreductase reaction to allow this), the physiological role of the enzyme must remain in doubt. Sorbitol does not accumulate significantly unless fructose is present at fairly high concentrations. Growth on sucrose results in sorbitol formation because fructose accumulates due to inhibition of fructokinase by the glucose also present (12, 13, 21) . It remains to be seen whether glucose-fructose oxidoreductase is unique to Z. mobilis or will be found in other microorganisms growing on glucose-fructose mixtures; we were unable to detect it in extracts of Saccharomyces cerevisiae.
